Fluorescent labeling is the prevailing imaging technique in cell biological research. When statistical investigations on a large number of cells are involved, experimental study is required for both low magnification to get a reliable statistical population and high contrast to achieve accurate diagnosis on the nature of the cells' perturbation. As microscope objectives of low magnification generally yield low collection efficiency, such studies are limited by the fluorescence signal weakness. To overcome this technological insufficiency, Le Moal et al. proposed a method based on metal-coated substrates that enhanced the fluorescence process and improved collection efficiency in fluorescence microscope observation and that could be directly used with a common microscope setup. In this paper, we use an Ag-Si 3 N 4 -Ag multilayer film coated on the substrate and numerically analyse the optical behavior of a fluorophore which was placed above the composited film coated on the substrate. The results shows that by using an Ag-Si 3 N 4 -Ag composited film the fluorescence imaging can be enhanced remarkably.
Introduction
Many biological studies and applications involve biomolecule detection by means of fluorescence. The use of fluorescent markers is notably the most widespread labeling technique for cell imaging. A large range of fluorophores with distinctive spectral characteristics is available, providing many possibilities for multicolor biological labeling. Using a multicolor set of functionalized dyes (biomarkers) and appropriate optical filters, one can selectively image parts of the cell or track several active biomolecules inside the cell. However, the extinction coefficient of these fluorescent molecules is relatively weak compared with those of fluorescent nanoparticles. Consequently, the detection of low concentrations of fluorophores is limited by the fluorescence signal weakness. Another drawback of molecular fluorophores is their low photostability. When an assembly of fluorophores is continuously excited, their emitted light will progressively fade as light induces their destruction. Signal intensities can then hardly be standardized.
Signal weakness and photoreactivity have been partly overcome as a result of recent progress in the use of semiconductor nanocrystals, commonly called quantum dots, in biology. However, they introduce new problems such as blinking of the emission signal and low biocompatibility that restrict the scope of in vivo applications.
Despite the increasing interest raised by fluorescent nanoparticles, the use of fluorescent molecules as markers for biomedical applications still has relevance and attractiveness. In addition to the development of new fluorescent markers, the renewed interest in standard molecular fluorophores had been motivated by the development of innovative optical techniques for fluorescence enhancement.
In recent years, metal surfaces play a unique role in many biomolecular techniques such as the self-assembly and selforganization of proteins and lipids [1] [2] [3] . A thin metal film can produce the surface plasmon-coupled emission (SPCE). The surface plasmon-coupled emission method was proposed as a high sensitivity and efficient fluorescence detection method by Lakowicz et al. [4, 5] . They showed, through imaging fluorophores near to a silver-coated glass substrate, that the fluorescence emission was highly directional and this has increased the collection efficiency to nearly 50% as well as contributed to low background noise. SPCE has found a number of applications in areas such as biotechnology and biological measurements [6, 7] .
In this work, we consider fluorophores to be placed above an Ag-Si 3 N 4 -Ag multilayer film surface and describe the physical mechanisms of fluorescence enhancement. The optical behavior of the fluorophores was simulated by implementing a simple electric-dipole model.
Theory
As shown in Figure 1 , we assume that the oil filled in between the objective lens and the cover glass has the same refractive index with the cover glass; a metal-dielectric multilayer film is coated on the cover glass. Fluorescent molecule is located near the focal point of the objective lens at a distance from the metal-dielectric multilayer film surface. In order to efficiently excite the fluorescence, in this paper, we consider a radially polarized beam incident on the objective lens.
Excitation of Dipole in the Object
Space. Using the method proposed by Török et al. [8, 9] , the excitation field in the object space is simply given by
where ,max is the focusing angle of objective lens. Obviously, as the dipole is excited by a -polarized incident plane wave, the electric field component in the direction of the polar angle is zero.
Electric Field in the Image Space.
With the vector diffraction theory and some methods that are proposed by Richards et al. [10] [11] [12] [13] [14] , we can obtain the expression of the electric field in the image space. It is simply given by
where
where (⋅) is the Bessel function of the first kind of order, Φ is the wavefront aberration function, the subscript , , denote that the variable quantity is located in the objective space, the imaging space, and the space between the objective lens and the cover glass, respectively.
Intensity in Image Space.
The intensity that is detected in the image space is
where the normalization factor is the total power emitted by the dipole in the presence of a metal interface [15, 16] . For a dipole which is perpendicularly oriented to the metal interface, = 0 ∘ , the intensity is rotationally symmetric.
Consider the following:
On the other hand, the image of a dipole which has an orientation parallel to the metal interface along the direction is not rotationally symmetric; that is, it has a dependence on . 
Numerical Results
We assume that the thickness of the metal film and the dielectric film are ℎ 1 and ℎ 2 , respectively. ℎ is the distance between the interface and the geometric focus of the objective lens, and ,max = 60 ∘ , = 20 nm. In this paper, we assume that the metallic material is silver (Ag), which have different refractive indexes of exciting light and emitted light. Our numerical results showed that the larger the refractive index of the dielectric film between the metal films was, the more beneficial to strengthen the two-way transmissions of light it is. To this end, we take a high refractive index material of amorphous silicon (Si 3 N 4 ) . At first, we make a comparison of the maximal intensity of the focused light spot in two cases: one is using an Ag-Si 3 N 4 -Ag multilayer film coated on the cover glass, another is using a single-layer metal film. As shown in Figure 2 , we can see that, in the first case of using the AgSi 3 N 4 -Ag multilayer film, when ℎ = −2ℎ 1 − ℎ 2 = 47.5 nm, the intensity of focused light spot obtains the maximum value, | | 2 max = 0.616. And in the case of using a single metal film, when ℎ 1 = 44 nm, ℎ = −21 nm, the intensity of the focused light spot obtains the maximum value, | | 2 max = 2.446×10 −3 . Here the negative ℎ means that the right surface of the AgSi 3 N 4 -Ag multilayer film should be in the right side of the geometric focus of the objective lens, as shown in Figure 1 . It is obvious that the intensity of the spot center can be enhanced by about 251 times using an Ag-Si 3 N 4 -Ag multilayer film coated on the cover glass than the single-layer metal film.
As shown as in Figure 3 , we compared the normalized imaging intensity of emission by the dipole along the direction in the focal plane in the case of using two different films: an Ag-Si 3 N 4 -Ag multilayer film and a single-layer metal film. Orientation angles of the dipole are = = 0 ∘ . Intensities are normalized to the maximum imaging intensity in case of using the single-layer metal film. The figure shows that, using the Ag-Si 3 N 4 -Ag multilayer film coated on the cover glass, the imaging intensity of the fluorescence can be enhanced by thousands of times than using a single-layer metal film. This may overcome the drawback of molecular fluorophores such as signal weakness and photoreactivity. Then we study the correlation between imaging facula and orientation of a single dipole. The intensity distributions of emitted light by a dipole with different orientation angles on the focal plane in imaging space are shown in Figure 4 . In these figures, we represented the intensity distributions of components | | 2 , | | 2 , | | 2 and the total intensity of | | 2 +| | 2 +| | 2 with different orientation angles. Comparing these charts of the intensity distribution, despite the imaging intensity distributions of the dipole with different orientations have a same look, the strength and the size of the light spot are different.
Finally, we study the light intensity of the total light intensity imaging facula center and the full width at half maximum versus the pole angle of dipole. As shown as in Figure 5 , with the increase of dipole azimuth (electric dipole moment by parallel optical axis to the vertical axis), the intensity of the light spot is increased gradually. When the dipole moment is parallel to the optical axis, the size of the imaging facula is larger. When the dipole moment is perpendicular to the optical axis, the size of the imaging facula is smaller. If a polarizer is placed in front of the detector, the imaging of or polarization component can be obtained.
The intensity patterns (| | 2 , | | 2 ) of and polarization component or the positions change with the azimuth . These results indicate that, using a metal-dielectric multilayer film, a single dipole can be detected. And this can be used in many optical devices.
Conclusion
In this paper, we assumed that fluorophores are placed above an Ag-Si 3 N 4 -Ag multilayer film surface and we have described the physical mechanisms of fluorescence enhancement. The optical behavior of the fluorophores was simulated by implementing a simple electric-dipole model and comparing the results with a single-layer metal film. The results shows that by using a metal-dielectric multilayer film, the intensity of the spot center can be enhanced by 251 times than using a thin single-layer metal film. Hence, the intensity of the fluorescence imaging can be increased by thousands of times. With the increase of dipole azimuth (electric dipole moment by parallel optical axis to the vertical axis), the intensity of the light spot is increased gradually. This may overcome the shortcomings of traditional fluorescence such as low imaging intensity and difficulty in detection.
